Spin injection from a ferromagnet into an n-doped In 0.53 Ga 0.47 As channel was electrically detected by a ferromagnetic detector. At T = 20 K, using non-local and local spin-valve measurements, a non-local signal of 2 µV and a local spin valve signal of 0.041% were observed when the bias current was 1 mA. The band calculation and Shubnikov-de Haas oscillation measurement in a bulk channel showed that the gate controlled spin-orbit interaction was not large enough to control the spin precession but it could be a worthy candidate for a logic device using spin accumulation and diffusion.
Introduction
Conventional semiconductor devices are based on the control of electronic charge but recently the physical limitations have become obstacles to improvement of device performance. Spin transport device based on the manipulation of electron spin is one of the next generation devices drawing a great deal of attention as it potentially has higher performance through fast switching and non-volatile characteristics. A seminal device using spin transport is the spin field effect transistor (spin-FET) that utilizes spin injection, detection and the control of spin precession [1] . Recently, many studies have attempted to demonstrate spin transport from a ferromagnet (FM) into semiconductors [2, 3] and control of spin-orbit interactions as an essential parameter to control spin precession [4, 5] .
In this paper, we executed non-local and local spinvalve measurement to confirm that a spin-polarized current was injected from the FM1 (injector) to an n-doped In 0.53 Ga 0.47 As channel, epitaxially grown by molecularbeam epitaxy, and injected spins was electrically detected by FM2 (detector). The effective magnetic field (B eff ) was induced in the y-direction when the electrons move (k x ) under a perpendicular electric field (E z ) induced either internally or externally. The gate controlled spin-orbit interaction parameters were investigated by using the Shubnikov-de Haas oscillation (SdH) measurement and the band structures are calculated with WinGreen simulator [6] . In the bulk channel, the vertical multilayer structure is very simple so that device application is very favorable. In this research, we report the spin-related phenomenon of n-doped In 0.53 Ga 0.47 As channels to investigate the feasibility of the device application. Fig. 1(a) shows the cross-sectional view of the substrate structure. The semiconductor channel was an n-doped In 0.53 Ga 0.47 As layer grown by molecular beam epitaxy on a semi-insulated InP(100) substrate. An In 0.52 Al 0.48 As buffer layer was deposited to release the mismatch between the In 0.53 Ga 0.47 As channel and the InP substrate. The thickness of the channel was 40 nm and 4 × 10 18 cm −3 of Si was n-doped in the channel to increase channel conductivity. The capping layer made of InAs was deposited to protect possible damage during the fabrication process. The carrier concentration and electron mobility of the channel were n S = 4.98 × 10 −18 (5.03 × 10 Two kinds of samples using an In 0.53 Ga 0.47 As-channel substrate were fabricated for the experiment. One sample was manufactured for the spin transport experiment which included spin injection and detection. This was a lateral spin-valve structure and a scanning electron micrograph is shown in Fig. 1(b) . A channel width of 8 ìm was defined As Channels − Youn Ho Park et al.
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by using photolithography and ion milling. The In 0.53 Ga 0.47 As layer outside the channel was etched to a thickness of 50 nm from the top surface. No current flow in the outside area of the patterned channel was ensured. In this sample, Ni 81 Fe 19 was deposited using a sputtering system to form the two ferromagnetic electrodes (FMs). These FMs required different aspect ratios to achieve parallel and anti-parallel alignments with an external magnetic field. The thickness of the FMs was 80 nm and the lateral sizes were 2.4 μm × 17 μm (FM1) and 0.4 μm × 24 μm (FM2).
The center-to-center distance between the FMs in this experiment was defined as the channel length of 2.2 μm. The other sample was made for the Hall and the Shubnikov-de Haas oscillation (SdH) measurements. A 64 μm-wide channel was also defined by using photolithography and ion milling. The gate electrode was deposited on a 100 nm thick insulating layer made of SiO 2 that electrically separated the Hall bar and gate electrode. A gate electrode was made of Ti/Au layer.
Results and Discussion
There are two different measurement geometries to electrically detect the injected spin-polarized electrons by using the magnetization correlation of the two FMs. The first type is a non-local measurement. In this measurement geometry, the spin-polarized current was diffused and detected by placing a ferromagnetic detector on the other side of the charge current [7] . Therefore, non-local measurement can minimize the unwanted effects such as a local Hall effects, anisotropic magnetoresistance and other extrinsic contributions [8] . Fig. 2(a) shows the nonlocal geometry (inset) and the measurement results at T = 20 K. The spin-polarized current was injected into the In 0.53 Ga 0.47 As channel from the FM1. The electrical current flowed into the -x-direction but the charge current did not reach the detection FM. The accumulated spins at the interface of the ferromagnet-semiconductor were diffused in both directions and subsequently influenced the spin carrier concentration n ↑ and n ↓ in the channel. The total carrier concentration could be expressed as n s = n ↑ + n ↓ . The external magnetic field was applied to the y-axis for achieving the parallel and anti-parallel states of the FMs bearing different coercivities. In the field sweep-up process, the magnetization of both FMs was initially saturated to the -y-direction (spin-down state). In this state the spin-down was injected from the FM1 causing the spindown distribution (n ↓ /n s ) in the channel to increase and raise the Fermi level of spin-down chemical potential. In this case, the detector (FM2) was parallel to injector (FM1), thus the detector read the spin-down chemical potential, which is at a high potential status. Since the coercivity of the FM1 was smaller than the FM2, the magnetization of FM1 was first realigned to the +y-direction with an increasing external magnetic field. At this moment, the spin-up distribution probability (n ↑ /n S ) increased in the channel. In this state, the Fermi level of spin-up chemical potential of the FM2 was aligned to the Fermi level of the spin-up (minor spin) chemical potential of the channel, thus the low potential state was measured. As magnetic field was increased, the magnetization of the FMs returned to the parallel alignment. Therefore, the potential difference between the parallel and antiparallel states was observed in the non-local method. The detected signal (ΔV NL ) was 2 μV and the current bias was 1 mA.
The second type was a local spin-valve measurement. When the current was injected from FM1 and FM2, the voltage was measured at the same nodes as shown in the inset of Fig. 2(b) [3, 9] . This measurement allowed measurement of the spin-dependent resistance change at the interface. In this geometry, there were also two levels of the detected voltage that depended on the magnetization alignment of the FMs. Fig. 2(b) shows the local spinvalve measurement results at T = 20 K. The detected signal (ΔV SV /V) was 0.041% and the bias current was 1 mA.
Next, the possibility of controlling the spin-orbit interaction strength of the channel by the gate electrode was considered. The conduction band potential and the carrier concentration were calculated with applying the gate voltage in the z-direction as shown in Fig. 3 . The WinGreen simulator was utilized, with its data files for the band calculation [6] . The spin-orbit interaction parameter, α, depended on the electric field, E, inside the channel [4] . The electric field was proportional to the potential gradient. From the calculation results, the magnitude of the potential gradient in the channel was found to increase with increasing negative gate voltage. The carrier distribution was also decided by the potential gradient. The spin-splitting energy (Δ S ) was expressed as Δ S = 2k F α, where the Fermi wave number k F equals (3π
. The carrier concentration n s can be obtained from the Hall or SdH measurements. Fig. 4(a) shows the carrier concentration n s and mobility μ dependence on the gate voltages at T = 1.8 K. These results indicate that n s and μ are not changeable in the varying gate voltages. Fig. 4(b) shows the measured signals of the SdH oscillation at T = 1.8 K. As Channels − Youn Ho Park et al.
In the measurement, the current bias was 5 μA and the channel resistance (ρ xx ) was measured with increasing the magnetic field perpendicular to the plane at various gate voltages. Spin-up and -down electrons generate different oscillation frequencies and beat patterns appear when these frequencies are synchronized. A period of the beat patterns is proportional to the spin splitting energy [5] . Two node positions in the beat patterns are required to estimate the spin-orbit interaction parameter. From our results, however, clear beat patterns were not observed, even with the external gate voltages. The possible reasons why the beat pattern does not occur are thus considered. Firstly, at zero voltage the carrier distribution was relatively broad so that the internal electric field from the charge asymmetry was negligible. When the gate voltage was applied, charge distribution asymmetry occurs, but the reasonable range of gate voltage was not enough to induce Rashba effect. A gate voltage of 0.1 V in Fig. 3 was actually a very large value, because almost all voltage drop occurred within the gate oxide. To apply 0.1 V to the channel, a tremendous external gate voltage is necessary. The structure-induced electric field of the bulk channel is small in comparison with a two dimensional electron gas (2DEG) system bearing an interfacial electric field arising from asymmetry of the potential well even without the external electric field. Therefore the bulk channel can be potentially used for a logic device that utilizes spin accumulation and spin diffusion [10] instead of a spin-orbit interaction induced switching device.
Conclusions
In conclusion, we observed clear evidence of spin transport in an In 0.53 Ga 0.47 As bulk channel using a lateral spin valve device. The injected spins from a ferromagnet were transported and detected at the other ferromagnet in the non-local and local spin-valve measurement. The band calculation and Shubnikov-de Haas oscillation measurements for our structure indicate that the electric field induced to the channel was changed by an external gate voltage but the amount of band bending was not large enough to control the spin-orbit interaction. Since spin diffusion length is usually inversely proportional to the spin-orbit interaction strength, a long spin diffusion length is expected in the n-doped InGaAs bulk channel. In addition, the vertical structure of the bulk channel is very simple so that the bulk-channel-based spin device can be utilized for high efficiency spin transport devices.
